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►  LiNii/3Coi/3Mni/302  is  modified  with  LiF  by  a  wet  chemical  method. 

►  Discharge  capacity  of  137  mAh  g_1  is  obtained  at  10  C  (2800  mA  g  ’). 

►  Capacity  retention  of  93.5%  is  obtained  at  1  C  at  60  °C  after  50  cycles. 

►  Reversible  capacity  of  124.4  mAh  g_1  is  obtained  at  1  C  at  0  °C. 

►  Even  at  -20  °C,  discharge  capacity  of  85.6  mAh  g'1  is  obtained  at  0.1  C. 
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LiF  is  successful  used  to  modify  the  surface  of  layered  LiNii/3Coi/3Mni/302  via  a  wet  chemical  method 
followed  by  an  annealing  process.  The  lattice  structure  of  LiNii/3Coi/3Mni/302  is  not  changed  distinctly 
after  modification  and  part  of  F  dopes  into  the  surface  lattice  of  the  oxide.  The  LiF-modified  oxide 
exhibits  capacity  retentions  of  97.5%  at  0.1  C  at  room  temperature  and  93.5%  at  1  C  at  60  °C  after  50 
cycles,  and  delivers  a  high  discharge  capacity  of  137  mAh  g  1  at  10  C  at  room  temperature.  Furthermore, 
it  has  reversible  capacities  of  124.4  mAh  g1  at  1  C  at  0  °C  and  85.6  mAh  g  1  at  0.1  C  at  -20  °C, 
respectively.  Cyclic  voltammetry  (CV)  and  electrochemical  impedance  spectroscopy  (EIS)  tests  show  that 
the  LiF-modified  layer  can  reduce  the  dissolution  of  metal  ions  in  the  electrode  and  enhance  the 
conductivity  of  the  oxide  surface  through  partly  F-substitution.  LiF  modification  will  be  promising  for  the 
application  of  layered  oxide  for  lithium  ion  batteries. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Because  of  the  drawbacks  of  LiCo02  such  as  high  cost,  toxicity 
of  cobalt  and  so  on,  research  and  development  of  new  cathode 
materials  for  lithium  ion  batteries  are  ongoing  to  replace  it. 
Natural  substitutes  are  LiMn02  and  LiNi02.  However,  both  of 
them  are  difficult  to  synthesize  due  to  their  unstable  structure 
during  calcination  treatment.  In  addition,  phase  transition  will 
easily  happen  during  charge— discharge  process,  leading  to  poor 
cyclic  performance  [1,2],  Layered  oxide  LiM02  (M  =  Mn,  Ni,  Co) 
which  has  been  widely  investigated  is  deemed  to  be  one  of  the 
most  promising  candidates  of  cathode  materials  [3-14],  However, 
the  relatively  poor  cyclic  performance  at  a  high  operating  voltage 
(higher  than  4.3  V)  or  high  current  density  is  one  of  its 


*  Corresponding  author.  Tel:  +86  571  87952856;  fax:  +86  571  87952573. 
E-mail  addresses:  tujp@zju.edu.cn,  tujplab@zju.edu.cn  (J.P.  Tu). 

0378-7753 /$  -  see  front  matter  ©  2012  Elsevier  B.V.  All  rights  reserved. 
http://dx.doi.org/10.1016/jjpowsour.2012.10.065 


drawbacks  and  the  mechanism  of  capacity  fading  has  not  yet 
been  clarified  [15], 

It  is  reported  that  ion  substitution  can  improve  the  electro¬ 
chemical  performances  [16—18],  F-substitution  and  LiF  addition 
of  layered  oxide  LiM02  (M  =  Mn,  Ni,  Co)  have  been  widely 
investigated  and  are  proved  to  effectively  enhance  the  cyclic 
stability  [19—25],  However,  LiF  is  mostly  reported  just  as  an 
addition  for  doping  and  seldom  as  a  surface-modified  material  to 
improve  the  electrochemical  performance  of  layered  oxide  LiM02 
(M  =  Mn,  Ni,  Co).  Although  XPS  analysis  showed  that  the  added 
LiF  would  move  to  the  surface  and  exist  as  a  surface  layer  [26], 
others  considered  that  fluorine  substitution  for  oxygen  was 
effective  since  the  changes  in  lattice  parameters  were  observed 
[19,23,27,28], 

In  addition,  surface  modification  of  oxides,  phosphates,  carbon 
and  fluorides  have  been  proved  to  be  an  effective  way  to  restrain 
the  electrolyte  decomposition  on  the  surface  of  cathode  materials 
and  enhance  the  cyclic  stability  of  layered  oxide  [29-34],  Among 
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them,  fluorides  are  considered  to  directly  protect  the  electrode 
materials  from  the  HF  attack  resulting  from  the  electrolyte  [35,36], 
A1F3  [37],  ZrFx  [38],  SrF2  [39]  and  CaF2  [40]  have  been  successfully 
coated  on  the  surface  of  layered  oxides  and  the  electrochemical 
performances  of  the  cathode  material  are  significantly  improved. 
LiF  was  also  used  to  modify  LiMn204  by  Bai  et  al.  [41],  and  an 
improvement  of  electrochemical  performance  was  obtained  even 
charged  to  4.7  V  and  4.9  V. 

Here,  in  this  present  work,  LiNii/3Coi/3Mni/302  which  has 
been  considered  to  be  one  of  the  most  promising  candidates  for 
lithium  ion  battery  among  layered  oxide  LiM02  (M  =  Mn,  Ni,  Co) 
is  chosen  as  research  object  [42—45],  And  LiF  is  modified  on  the 
surface  of  LiNii/3Coi/3Mni/302  via  a  wet  chemical  method  fol¬ 
lowed  by  annealing  treatment.  The  electrochemical  perfor¬ 
mances  of  the  LiF-modified  LiNii/3Coi/3Mni/302  are  effectively 
improved  not  only  at  room  temperature,  but  also  at  high  or  low 
temperatures.  CV  and  EIS  tests  are  carried  out  to  further 
understand  the  effect  of  LiF  modification  on  layered  oxide 
cathode  material. 


2.  Experimental 

Layered  LiNii/3Coi/3Mni/302  was  synthesized  via  a  high- 
temperature  solid  state  reaction.  Stoichiometric  amounts  of 
commercial  precursor  (Mni/3Ni]/3Coi/3(OH)2)  and  3  wt.%  excess 
LiOH  •  H20  were  mixed  thoroughly.  Then,  the  mixture  was  calcined 
at  800  °C  in  a  tube  furnace  for  16  h  in  air  to  get  the  oxide  powder. 
The  LiF  coating  was  performed  as  follows:  stoichiometric  amounts 
of  LiNC>3  and  NH4F  were  dissolved  in  deionized  water  to  obtain 
a  dilute  solution,  respectively.  A  desired  amount  of  the  oxide 
powder  was  dispersed  in  the  LiN03  dilute  solution.  Then,  the 
resulting  mixture  was  heated  to  70  °C  and  stirred  vigorously.  The 
NH4F  dilute  solution  was  then  added  into  the  mixture  drop  by  drop 
for  more  than  3  h.  Continuous  stirring  was  performed  till  the 
solution  was  evaporated  to  dryness.  The  obtained  black  powder 
was  calcined  at  500  °C  in  a  tube  furnace  for  2  h  in  air  and  then 
cooled  to  room  temperature  at  a  speed  of  2  °C  min'1  to  get  the  LiF- 
modified  LiMni/3Nii/3Coi/302.  The  amount  of  LiF  is  3  wt.%  in  the  as- 
prepared  material.  The  morphologies  and  microstructures  of  the 
as-synthesized  powders  were  characterized  using  field  emission 
scanning  electron  microscopy  (FESEM,  FEI  SIRION)  coupled  with  an 
X-ray  energy  dispersive  spectroscope  (EDS,  BRUKER  AXS),  X-ray 
diffraction  (XRD,  Philips  PC-APD  with  Cu  I<a  radiation),  trans¬ 
mission  electron  microscopy  (TEM,  Tecnai  G2  F30  S-Twin)  and  X- 
ray  photoelectron  spectroscopy  (XPS). 

The  working  electrodes  were  prepared  by  a  slurry  coating 
procedure.  The  slurry  consisted  of  85  wt.%  as-synthesized  mate¬ 
rials,  10  wt.%  carbon  conductive  agents  (supper  P)  and  5  wt.%  pol- 
yvinylidene  fluoride  (PVDF)  was  coated  on  aluminum  foil.  After 
drying  at  90  °C  for  24  h  in  vacuum,  the  sample  was  pressed  under 
a  pressure  of  20  MPa.  A  metallic  lithium  foil  served  as  the  anode,  1  m 
LiPF6  in  ethylene  carbonate  (EC)-dimethyl  carbonate  (DMC)  (1 : 1  in 
volume)  was  used  as  the  electrolyte,  and  a  polypropylene  micro- 
porous  film  (Cellgard  2300)  as  the  separator.  The  cells  were 
assembled  in  an  argon-filled  glove  box  with  H20  concentration 
below  1  ppm.  The  galvanostatic  discharge-charge  tests  were  per¬ 
formed  with  coin-type  cells  (CR2025)  on  a  LAND  battery  program- 
control  test  system  (Wuhan,  China)  between  2.5  and  4.5  V  at  rates 
from  0.1  to  10  C  ( 1  C  =  280  mA  g_1 )  at  temperatures  of  -20—60  °C. 
CV  tests  were  carried  out  on  an  electrochemical  workstation 
(CHI660C)  in  the  potential  window  of  2.5-4.8  V  (vs.  Li/Li+)  at  a  scan 
rate  of  0.1  mV  s_1.  EIS  measurements  were  performed  on  this 
apparatus  using  a  three-electrode  cell  with  the  oxide  as  the 
working  electrode,  metallic  lithium  foil  as  both  the  counter  and 


reference  electrodes.  The  amplitude  of  the  AC  signal  was  5  mV  over 
a  frequency  range  from  100  kHz  to  10  mHz  at  a  charge  state  of  4.5  V. 

3.  Results  and  discussion 

3.1.  Material  characterization 

XRD  patterns  of  LiNii/3Coi/3Mni/302  and  LiNi1/3Coi/3Mni/302/ 
LiF  powders  are  shown  in  Fig.  1.  All  the  XRD  patterns  can  be  indexed 
to  the  hexagonal  a-NaFe02  structure  with  R  m3  space  group,  and 
distinct  splitting  of  (006)/(012)  and  (018)/(110)  peaks  indicates  that 
these  oxides  possess  a  well-developed  layered  structure.  Further¬ 
more,  all  the  reflections  of  LiNii/3Coi/3Mni/302/LiF  correspond  to 
the  layered  oxide  and  no  peaks  of  LiF  are  present  due  to  low 
quantity.  The  XRD  patterns  prove  that  the  layered  structure  of  LiNii/ 
3Coi/3Mni/302  is  not  destroyed  after  LiF  modification. 

The  morphologies  of  the  layered  oxides  before  and  after  LiF 
modification  are  shown  in  Fig.  2.  The  bare  LiMni/3Nii/3Coi/302 
is  composed  of  ball-like  secondary  particles  with  diameters  of  5— 
20  pm,  and  the  ball-like  particles  are  made  up  of  small  primary 
particles  with  sizes  of  200—500  nm  (Fig.  2a  and  b).  The  surface  of 
the  bare  LiMn1/3Nii/3Coi/302  particles  is  smooth,  as  clearly  shown 
in  Fig.  2b.  No  distinct  change  of  the  particle  size  is  observed  after  LiF 
modification.  However,  the  surface  of  LiF-modified  oxide  particles 
becomes  rough,  and  the  distinct  particle  grains  become  fuzzy  or 
disappear,  as  shown  in  Fig.  2d.  It  means  that  a  thin  LiF-modified 
layer  forms  on  the  surface  of  LiMni/3Nii/3Coi/302  particle, 
as  shown  in  Fig.  3.  In  order  to  prove  the  homogeneity  of  the  LiF- 
modified  layer,  EDS  results  are  shown  in  Fig.  4.  The  F  element  in 
LiMni/3Nii/3Coi/302/LiF  is  uniformly  distributed  on  the  surface  of 
the  oxide  particle,  which  is  accordant  with  the  result  of  SEM 
analysis. 

The  XPS  spectra  of  bare  LiNii/3Coi/3Mni/302  and  LiNii /3C01/ 
3Mni/302/LiF  are  shown  in  Fig.  5.  It  clearly  reveals  that  the  LiNii/ 
3Coi/3Mni/302/LiF  has  Mn  2p,  Co  2p  and  Ni  2p  peaks  with 
remarkable  chemical  shift  of  binding  energy,  indicating  that  the  Co, 
Ni  and  Mn  ion  environments  change  in  the  surface  structure.  It  also 
indicates  that  the  added  LiF  not  only  covers  on  the  surface  of  LiNii/ 
3Coi/3Mni/302  particles,  but  also  has  chemical  bonding  with  the 
oxide.  F_  may  partly  substitute  O2-  of  the  surface  lattice  during 
annealing  process.  Such  phenomenon  was  not  distinctly  observed 
when  other  fluorides  such  as  ZrFx,  SrF2,  CaF2  and  LaF3  were  coated 
on  the  surface  of  oxides  due  to  the  large  cations  [38-40,46].  It 
seems  that  the  small  Li+  in  LiF  facilitates  the  substitution  of  O2-  by 
F“  on  the  surface  of  oxide  particle.  It  is  also  proved  from  the 
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Fig.  1.  XRD  patterns  of  LiNii;3Coi/3Mn];302  and  LiNi1/3Co1(3Mn1/302/LiF  powders. 
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Fig.  2.  SEM  images  of  (a,  b)  LiNi1/3Coi(3Mn1/302  and  (c,  d)  LiNi,;3Co1(3Mn1/302/LiF  particles. 


spectrum  of  F  Is.  The  binding  energy  of  F  Is  in  LiF  is  684.9  eV. 
Flowever,  in  Fig.  5a,  the  peak  of  F  Is  in  LiNii/3Coi/3Mni/302/LiF  shifts 
to  684.0  eV,  indicating  that  there  is  chemical  bonding  between 
other  elements  and  F.  In  addition,  it  is  clear  that  the  peak  intensities 
of  other  elements  decrease  after  LiF  modification  (Fig.  5b— e).  In 
contrast,  the  shape  of  0  Is  spectrum  is  changed  a  little.  The 
chemical  shift  of  the  binding  energy  of  0  Is  implies  that  the  oxygen 
environment  in  the  surface  structure  of  LiNil/3CO|/3Mn1/302  is 
altered  by  the  surface  coating.  The  lower  intensities  of  the  O  Is 
peaks  for  the  coated  material  imply  that  part  of  the  fluoride  formed 
on  the  surface  is  replaced  by  an  oxide  layer.  The  small  and  broad 
peak  located  at  531.5  eV  in  the  spectrum  is  likely  due  to  impurities 
with  OH  or  0“  bonding  on  the  surface  [38],  The  peak  also  presents 
after  the  coating,  but  its  intensity  reduces  as  shown  in  Fig.  5b. 
The  red  dashed  is  the  result  of  peak  separation.  All  the 
results  confirm  that  the  LiF-modified  layer  exists  on  the  surface  of 
LiNi1/3Coi/3Mn1/302  particles. 


Fig.  3.  ATEM  image  of  LiNii;3Coi/3Mn];302/LiF  particle. 


3.2.  Electrochemical  properties 

The  initial  charge-discharge  curves  of  bare  LiNi^Coi^Mni^Ch 
and  LiNii/3Coi/3Mni/302/LiF  electrodes  are  shown  in  Fig.  6.  The 
initial  charge  and  discharge  capacities  are  221, 189.8  mAh  g-1  and 
222.5,  187.2  mAh  g-1  for  the  bare  LiNii^CoipMnipC^  and  LiNii/ 
3Coi/3Mni/302/LiF  at  0.1  C  between  2.5  V  and  4.5  V,  respectively. 
The  initial  discharge  capacity  of  bare  oxide  is  a  little  higher  than 
that  of  LiF-modified  oxide.  Fig.  7  shows  the  rate  capability  of  bare 
LiNii/3Coi/3Mnj/302  and  LiNii/3Coi/3Mnj/302/LiF  between  2.5  V  and 
4.5  V  at  charge— discharge  rates  from  0.1  C  to  10  C.  The  bare  LiNii/ 
3Coi/3Mni/302  has  a  higher  initial  discharge  capacity  than  the  LiF- 
modified  oxide  at  0.1  C.  However,  as  the  current  density 
increases,  the  discharge  capacity  of  bare  LiNii/3Coi/3Mni/302 
decreases  rapidly,  only  95  mAh  g-1  at  10  C.  The  distinct  decrease  in 
discharge  capacity  of  bare  LiNii/3Coi/3Mni/302  is  due  to  the  slow 
kinetics  at  high  rates  and  the  destruction  of  the  surface  resulting 
from  the  side  reactions  between  the  active  material  and  electrolyte 
[39].  When  the  discharge  rate  is  back  to  0.1  C,  the  bare  LiNii^Coi/ 
3Mni/302  has  a  discharge  capacity  of  160  mAh  g-1,  only  about  83.6% 
discharge  capacity  left  compared  to  that  of  the  initial  cycle  at  0.1  C. 
For  the  LiNii/3Coi/3Mni/302/LiF  electrode,  it  delivers  a  high 
discharge  capacity  of  137.7  mAh  g-1  at  10  C,  and  has  capacity 
retention  of  97.2%  with  respect  to  the  initial  cycle  at  0.1  C  when  the 
cell  is  discharged  back  to  0.1  C.  The  rate  capability  obtained  here  is 
much  higher  than  those  of  LiNii/3Coi/3Mni/3C>2  modified  with  other 
oxides  [29,47,48]  or  fluorides  [38-40]  since  these  surface  modifi¬ 
cations  with  poor  conductivity  will  certainly  reduce  the  capacity  at 
high  discharge  rates.  The  good  rate  capability  of  LiF-modified 
materials  could  be  attributed  to  the  existence  of  the  strong 
bonding  by  F  which  stabilized  the  surface  structure  and  increased 
the  stability  of  electrode  materials  against  HF  attack  at  high 
discharge  current  densities  [49,50].  Furthermore,  surface  F- 
substitution  may  modify  the  formation  of  SEI  film  to  reduce  the 
charge  transfer  resistance  after  activation  at  the  beginning  of  the 
cycling.  It  can  be  proved  in  the  following  EIS  tests. 
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Fig.  4.  EDS  element  maps  of  LiNii/3Coi/3Mni/302/LiF  particle. 


Fig.  8  shows  the  cyclic  performances  of  bare  LiNii/3Coi/3Mni/302 
and  LiNii/3Coi/3Mn1/302/LiF  at  different  charge-discharge  rates.  As 
shown  in  Fig.  8a,  the  LiNii/3Coi/3Mni/302/LiF  delivers  a  discharge 
capacity  of  181.6  mAh  g_1  at  0.1  C  after  50  cycles,  only  3.0% 
discharge  capacity  lost.  However,  the  bare  LiNiipCoi^Mni^Cb  has 
a  discharge  capacity  of  168.1  mAh  g”1  after  50  cycles,  with 
a  capacity  retention  of  88.6%.  The  high  capacity  retention  of  LiNii/ 
3Coi/3Mni/302/LiF  is  mainly  due  to  the  LiF-modified  layer,  which 
protects  the  layered  oxide  from  attacking  in  electrolyte.  The 
attacking  of  HF  produced  by  LiPF6  in  the  electrolyte  is  perfectly 
obstructed  due  to  the  modification  layer  on  the  surface  of  the 
particles  [35,36],  It  hinders  the  metal  ions  from  dissolving  in  the 
electrolyte  during  the  charge-discharge  process.  In  order  to  give 
further  evidence  of  the  effect  of  LiF-modified  layer  at  elevated 
charge— discharge  current  densities,  cyclic  performances  at  1  C,  2  C, 
5  C  and  10  C  are  also  carried  out,  as  shown  in  Fig.  8a  and  b.  After  50 


cycles,  the  capacity  retentions  of  bare  LiNii/3Coi/3Mni/302  are 
72.6%,  58.0%,  52.9%  and  44.9%  at  1  C,  2  C,  5  C  and  10  C,  respectively, 
while  the  capacity  retentions  of  LiF-modified  oxide  are  91.1%,  92.8%, 
85.9%  and  78.7%  at  1  C,  2  C,  5  C  and  10  C,  respectively,  much  higher 
than  those  of  the  bare  one.  It  effectively  proves  that  the  LiF- 
modified  layer  also  plays  a  significant  role  in  the  cyclic  perfor¬ 
mance  of  layered  oxide  at  elevated  current  density. 

It  is  important  for  the  application  of  lithium  ion  batteries  at 
high  or  low  temperatures.  The  electrochemical  performances  of 
LiNii/3Coi/3Mni/302  and  LiNiipCoipMni^Ch/LiF  electrodes  at  high 
or  low  temperatures  are  performed  to  evaluate  the  effect  of  LiF 
modification.  Fig.  9a  shows  the  rate  capability  of  LiNi^CoipMn!/ 
3O2  before  and  after  LiF  modification  at  0  °C  from  0.1  C  to  2  C.  The 
bare  LiNii^CoipMni^Ch  and  LiNij^CoipMn^C^/LiF  deliver  initial 
discharge  capacities  of  171.1  and  173.4  mAh  g-1  at  0.1  C,  respec¬ 
tively,  which  are  a  little  lower  than  those  obtained  at  room 
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temperature.  As  the  rate  increases,  the  decrease  in  discharge 
capacity  of  LiF-modifled  oxide  is  much  smaller  than  that  of  the  bare 
one  at  low  temperature.  As  shown  in  Fig.  9a,  the  LiNii^Coi^Mnp 
302/LiF  has  discharge  capacities  of  168.1  mAh  g-1  at  0.2  C, 
148.6  mAh  g”1  at  0.5  C,  121.7  mAh  g”1  at  1  C,  103.8  mAh  g"1  at  1.5  C 
and  88.1  mAh  g-1  at  2  C  at  0  °C,  much  higher  than  the  bare  LiNi  1  / 
3Coi/3Mnj/302.  It  indicates  that  the  LiF  modification  is  effective  at 
low  temperature.  The  improvement  of  rate  capability  at  low 
temperature  can  be  attributed  to  the  F-substituted  surface  which 
may  lead  to  the  better  formation  of  SEI  film  with  improved 
conductivity.  Cyclic  performance  of  both  the  electrodes  at  0  °C  is 
also  performed  at  0.1  C,  0.5  C  and  1  C,  as  shown  in  Fig.  9b.  The 
capacity  retentions  of  92.8%,  91.9%  and  77%  are  obtained  for  the 
LiNii/3Coi/3Mni/302/LiF  after  50  cycles  at  0.1  C,  0.5  C  and  1  C, 


respectively,  much  higher  than  those  of  the  bare  one.  As  the  test 
temperature  falls  to  -20  °C,  the  bare  oxide  and  LiF-modified  oxide 
can  deliver  a  discharge  capacity  of  85.1  and  85.6  mAh  g-1  at  0.1  C 
after  activation  for  several  cycles,  respectively.  And  similar 
phenomenon  can  be  observed  that  the  LiF-modified  oxide  has  high 
capacity  retention  of  95%  after  50  cycles.  Promoting  the  test 
temperature  to  60  °C,  the  bare  LiNii^Coi/sMnipCb  and  LiNii^Coi/ 
3Mnj /302/LiF  has  a  high  initial  discharge  capacity  of  185.3  and 
182.4  mAh  g-1  at  1  C,  respectively.  Furthermore,  the  LiF-modified 
oxide  is  much  more  stable  at  high  temperature,  about  93.5% 
discharge  capacity  retained  after  50  cycles  with  respect  to  the 
initial  cycle.  It  indicates  that  the  LiF  modification  has  distinct  effect 
on  the  electrochemical  performances  of  LiNii/3Coi/3Mnj/302  not 
only  at  room  temperature,  but  also  at  low  and  high  temperatures. 
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In  order  to  further  understand  the  effect  of  LiF  modification,  CV 
tests  were  carried  out  in  this  work.  The  initial,  second  and  50th 
cycle  curves  of  bare  LiNii/3Coi/3Mni/302  and  LiNii^CoipMn^Ch/ 
LiF  are  shown  in  Fig.  10.  The  cells  were  first  tested  in  the  potential 
window  of  2.5-48  V  at  a  scan  rate  of  0.1  mV  s  1  for  two  cycles, 
they  were  then  cycled  at  a  charge-discharge  rate  of  1  C  for  50 
cycles.  After  cycling,  the  cells  were  again  put  on  the  electro¬ 
chemical  workstation  and  taken  another  CV  curve.  Fig.  10a  shows 
the  CV  curves  of  bare  LiNii/3Coi/3Mni/302.  The  main  redox  peaks 
appear  at  a  potential  range  of  3.6  V-4.0  V.  In  addition,  a  small 
oxidation  peak  appears  at  about  4.6  V  and  a  reduction  peak  at 
about  4.5  V  for  the  first  cycle.  The  first  oxidation  peak  at  3.96  V 
corresponds  to  the  oxidation  of  Ni2+/Ni4+  couple  and  the  second 
oxidation  peak  at  4.6  V  corresponds  to  the  oxidation  of  Co3+/ 
Co4+  couple.  The  reduction  peak  at  3.7  V  is  mainly  associated 
with  the  reduction  of  the  Ni4+/Ni2+  couple  and  another  weak 
peak  at  4.55  V  is  ascribed  to  the  reversible  reaction  at  high 
potential  [51,52],  The  polarization  of  bare  LiNii/3Coi/3Mni/3C>2 
decreases  from  259  mV  at  the  first  cycle  to  111  mV  at  the  second 
cycle.  This  may  be  due  to  activation  of  the  initial  charge-discharge 
process.  The  CV  curves  of  bare  LiNii/3Coi/3Mni/302  during  initial 
and  second  cycles  exhibit  highly  symmetrical  and  sharp  anodic/ 
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Fig.  7.  Rate  capability  of  LiNii/3Coi/3Mni/302  and  LiNii/3Coi/3Mni/302/LiF  from  0.1  C  to 
10  C  in  the  voltage  range  of  2.5-4.5  V  at  room  temperature. 
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Fig.  8.  Cycle  performance  of  LiNi1/3Co1/3Mn1/302  and  LiNlipCoipMni/aQj/LlF  at  (a) 
0.1C.1C  and  (b)  2  C,  5  C  and  10  C  between  2.5  V  and  4.5  V  for  50  cycles  at  room 
temperature. 


cathodic  peaks.  However,  after  50  cycles  at  1  C,  the  redox  peaks  of 
the  CV  curve  become  unsymmetrical  and  broad,  the  reduction 
peak  nearly  disappears.  In  addition,  the  polarization  of  the  bare 
LiNii/3Coi/3Mni/302  increases  to  341  mV,  which  indicates  slow 
kinetics  and  poor  electrochemical  performances.  Fig.  10b  shows 
the  CV  curves  of  LiNi1/3Coi/3Mni/302/LiF  electrode.  The  results  of 
first  two  cycles  are  similar  to  those  of  bare  LiNi1/3Coi/3Mni/302. 
The  polarization  of  LiNii/3Coi/3Mni/302/LiF  decreases  from  200  mV 
at  the  first  cycle  to  100  mV  at  the  second  cycle.  Highly  symmetrical 
and  sharper  anodic/cathodic  peaks  can  also  be  observed  on  the  CV 
curve  of  LiNi1/3Coi/3Mn1/302/LiF  after  50  cycles  at  1  C.  The  polari¬ 
zation  of  the  LiF-modified  oxide  increases  to  291  mV,  smaller  than 
that  of  the  bare  one.  And  a  clear  reduction  peak  can  be  seen  at 
3.66  V  after  50  cycles.  The  CV  results  of  the  LiNii/3Coi/3Mni/302/LiF 
are  also  accordant  with  the  cyclic  performance.  Such  good  results 
are  all  attributed  to  the  LiF-modified  layer  on  the  surface  of  the 
oxide  particles,  which  reduces  the  dissolution  of  metal  ions  in  the 
active  material,  and  stabilizes  the  surface  structure  of  the  oxide 
during  the  charge— discharge  process.  In  addition,  the  LiF  modifi¬ 
cation  probably  improves  the  conductivity  of  the  surface  layer 
through  the  formation  of  SEI  film. 

Fig.  11  shows  the  Nyquist  plots  of  bare  LiNi]/3Coi/3Mni/302  and 
LiNiipCoipMni^Ch/LiF  at  the  charge  state  of  4.5  V  in  the  first, 
15th,  30th  and  50th  cycle.  The  shapes  of  the  Nyquist  plots  are  all 
similar.  They  are  composed  of  a  small  interrupt  and  a  small 


344 


[/.  /  Journal  of  Power  Sources  225  (2013)  338-346 


1  C  at  0  °C,  (c)  cycle  performance  at  —20  °C  and  60  °C. 


semicircle  in  the  high  frequency,  a  big  semicircle  in  the  high  to 
medium  frequency  and  a  quasi-straight  line  in  the  low  frequency. 
The  small  interrupt  in  the  high  frequency  is  almost  the  same  for 
both  the  electrodes  (Fig.  11a  and  b),  which  corresponds  to  the 
solution  resistance  Re  [53],  The  small  semicircle  in  the  high 
frequency  is  assigned  to  the  resistance  (Rf)  of  Li+  diffusion  in  the 
surface  layer  (including  the  SEI  film  and  the  surface-modified 
layer);  and  another  semicircle  in  the  high  to  medium  frequency 
is  assigned  to  the  charge  transfer  resistance  (Rct).  The  equivalent 


b 


circuit  in  Fig.  11c  is  used  to  fit  the  EIS  data  to  give  a  quantitative 
result  to  further  understand  the  effect  of  the  modification  layer. 
Many  similar  equivalent  circuits  are  reported  [29,54-56],  and 
they  are  suitable  to  explore  the  Nyquist  plots  of  electrode  mate¬ 
rials  with  a  modification  layer.  CEPf,  CEPct  and  Zw  in  Fig.  11c 
represent  non-ideal  capacitance  of  the  surface  layer,  non-ideal 
capacitance  of  the  double-layer  and  Warburg  impedance  which 
refers  to  the  resistance  of  Li+  diffusion  in  bulk  material,  respec¬ 
tively.  The  values  of  Rf  and  Rrt  of  bare  LiNii^CoipMni^Ch  at  the 
first  cycle  are  27  £2  and  39.7  £2,  respectively.  As  the  charge- 
discharge  process  goes  along,  the  values  of  Rf  of  both  the  elec¬ 
trodes  first  decrease  and  then  increase  just  a  little  during  all  the 
cycle  process.  However,  the  value  of  Rct  of  bare  LiNq^CoqaMn^ 
3O2  increases  so  fast  that  the  Warburg  region  (the  quasi-straight 
line)  becomes  indistinguishable.  The  value  of  Rct  is  347.5  £2  after 
50  cycles,  much  higher  than  that  of  the  initial  one. 

The  value  of  Rct  for  LiNi]/3Coi/3Mni/302/LiF  after  50  cycles  is 
only  about  54.1  £2,  much  smaller  than  that  for  the  bare  Li Ni  1  /3C0 1  / 
3Mni/3C>2.  The  small  increment  in  Rrt  can  be  explained  as 
followers:  On  one  hand,  the  LiF  modification  stabilizes  the  surface 
structure  of  the  layered  oxide,  thus  the  dissolution  of  metal  ions 
is  reduced.  On  the  other  hand,  better  SEI  film  forms  due  to  the 
partly  F-substitution  which  facilitates  Li+  to  diffuse  through.  The 
EIS  results  again  prove  the  effect  of  LiF  modification  on  layered 
LiMni  /3Nii  /3C01/3O2. 
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oxide  particles.  The  LiF-modified  LiMni/3Nii/3Coi/3C>2  exhibits 
a  high  capacity  retention  of  97.5%  at  0.1  C  after  50  cycles  and  a  high 
initial  discharge  capacity  of  137  mAh  g-1  at  10  C  at  room  temper¬ 
ature.  Furthermore,  the  LiF  modification  is  still  effective  at  high  or 
low  temperatures.  The  improvement  of  cycle  stability  and  rate 
capability  can  be  attributed  to  the  LiF-modified  layer  on  LiNii^Coi/ 
3Mni/3C>2,  which  not  only  strengthens  the  particle  surface  to  reduce 
the  dissolution  of  metal  ions,  but  also  enhances  the  conductivity  of 
the  surface  layer  through  partly  F-substitution.  Therefore,  the  LiF 
modification  will  be  an  effective  way  for  the  application  of  layered 
oxide  in  lithium  ion  batteries. 
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